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® Catalyst for reforming hydrocarbon wHh steam. 

@ A catalyst for reforming a hydrocarbon with steam has a platinum group metal deposited on a earner having 
a volume of pores with pore sizes of 500 Angstroms or smaller being 0.15 ml per gram or greater, a volume of 
pores having pore sizes of more than 500 Angstroms being 0.14 ml per gram or smaller, and an average pore 
size being 90 Angstroms or greater. The platinum group metal specifically Includes rhodium and ruthenium, and 
the carrier preferably includes zirconia and stabilized zirconla. As a promoter component, at least one metal of 
cobalt and manganese is used. The catalyst is high in catalytic activity and long In catalytic life. 
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CATALYST FOR REFORMING HYDROCARBON WITH STEAM 
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The present invention reiates to a catalyst for reforming hydrocarlDon with steam and more Darticularlv 
to a catalyst for reforming hydrocarbon with steam, which has a high catalytic activiranralong SS 
fe as well as which can appropriately tje utilized, for example, for plants Z manufL^no SrotXr 
luei cells or compact hydrogen manufacturing plants i«iuiaciunng nyarogen tor 

' bon^i"l?^'yf J"? ^' '^^''^ ^^^^lo" ^eto^ing a hydrocar- 

bon w.ft steam into hydrogen, carbon monoxide, carbon dioxide and methane. For example Jaoan^e 

w,th steam. wh.ch has a plaHnum group metal deposited on a heat-resistant oxide. T),Is patent publication 

„• . f^". / "* Unexamined PuMcation (kokai) No. 50.533/1982 discloses a porous aLina body with 
mckel ox.de deposited thereon, which is characterized in that the volume of fine por^s hZTrK^e sS2^ 

sZ"il 1 Sram or mo« and the volume cTflne Se^haTg ^« 

sizes of 120 Angstroms or larger is 0.1 ml per gnam or more. 

« mW^Zn!. Publication (kokai) No. 1 12,840/1984 discloses a catalyst composition for 

« manufactunng ftjei gases, which uses a catalyst carrier in which the pore volume of the micropo\2 havino 
pore «zes renging from 100 to 10.000 Angstroms accounts for 40% i morB of the i^^Z ^Z 

ihJ^r^fT^ catalysts including those described hereinabove, however, present the preblem that 

6^1 manufacturing hydrogen for- fuel cells, and so on. have made demands to 

TmZ^T7"! ''""^ ^ "^^^^'^^ ^ for existing 

device for manu^ring hydrogen. However, nickel catalysts industrially available as of today as the 
wtalyst for reforming with steam cause carbon to precipitate on a surface of the catalSt to TexZ^W 
large extent so that they do not provide the long catalyst life as desired «iaiyst to an extremely 

ziroo^l'^Jl'^'^*"'' '« focuswl on a catalyst system with a noble metal deposited on a 

'•j"* °" *^ ^ * »«^'n8 a high catalytic acSStJ 

at low temperatures and suppressing deposition of carbon. M«fliyoc acnvny 

ctol^"^L''^*^?* Examined Publication (kokoku) No. 2,922/1977 dlsctoses a catalyst for reforming with 
support matenal such as zirconia. However, this pubHcation does not provide any worWng examoie ^out 
SL^r*" ^"'""^ """^ ^ binS^^'i^Son 

dp JS®^ Patent Unexamined Publication (kokai) No. 91.844/1981 indicates that a catalyst wHh rhodium 
deposrted on the zirconia carrier has -a catalytic activity higher than the nickel typrisL Thte 

catalytc life of the rhodiumfeirconia catalyst is Insufficiently long 

rPfo^^Li^l^"®"* Unexamined Publication (kokai) No. 38.239/1088 discfoses that the catalyst for 
TZl^.^-JT^ '1 barium are deposited on the alumina carriris Ser fn 

c^r rrto^^;re^rfor?l^r " ^"-^ ^^-^ - ^ 

'^l ^? ™« however, d^ not refer to ZcSZZ STi^ 

SS2J?.T"°*.'* f!""^^** ^"^ ^^'y*'*' ^^'ty because there Is not^eceSar a^y 

relatfonship of the order of the catalytic activity at low reaction temperatures with the catalytic wT^ 

The present invention has the object to provide a catalyst for reforming a hydrocarbon with steam 
having a high catalytic activity and a long catalytic life. nyorocaroon wnn steam. 

. . r« ^""^,.P™P<««'« ™de so far for the catalysts not been made yet of the relationship of the 

disWbution of pores has been reviewed. Hence, as a result of extensive review of Z relatioi^ip of Z 
^2 H-2 -h"?- f <«'«butlon Of pores. It now has been found that^l an 
^S,V!^TZcT " ^'^ " '^"'^^ « ^ ^ 

In order to achieve the object, the present invention consists of a catalyst for rafonnlng a hydrocarbon 
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with steam, wherein a platinum group metal Is deposited on a carrier having a volume of pores with pore 
sizes of 5ob Angstroms or smaller being 0.15 ml per gram or greater, a volume of pores having pore sizes 
of more than 500 Angstroms being 0.14 ml per gram or smaller, and an average pore size of 90 Angstroms 
or greater. 

5 More specifically, the catalyst according to the present Invention Is characterized in that at least one 
metal of rhodium and mthenium and at least one metal of cobalt and manganese are deposited on the 
can-ier consisting of at least one of zirconia and stabilized zfrconia. 

FIG. 1 is a graph showing the relationship of the amount of an element deposited for providing a 
promoter function with catalyst performance In the case of a rhodium type catalyst. FIG. 2 is a graph 
70 showing the relationship of the amount of an element deposited for providing a promoter function with 
catalyst performance In the case of a ruthenium type catalyst 
The present invention will be described more In detail. 



75 Canler 



A material of the carrier to be used for the catalyst according to the present invention is not restricted to 
a particular one as long as It can be used as the catalyst earner with a sufficiently high durability in the 
atmosphere in which the hydrocarbon is reformed with steam and. preferably, the catalyst is regenerated. 
20 The material of the carrier may include, for example, an oxide Including a simple oxide, a composite oxide 
or a oxide type composition, a non-oxide material or a combination of an oxide with a non-oxide or a 
mixture thereof. Of the materials of the canier. the oxide having heat resistance may appropriately be used. 

Such a heat-resistant oxide carrier may include, for example, alumina, magnesia, silica, zeolite, titania, 
zirconia or stabilized zirconia. yttriallto, silica alumina, alumina bona, silica titania. silica zirconia or a carrier 
25 containing it as a major component. Of the heat-resistant oxide canriers. a zirconia type earner Is particularty 
preferred. The zirconia type carrier may include, for example, zirconia carrier, stabilized zirconia carrier and 
other zlrconla-contalnlng carriers. The zirconia carrier and the stabilized zirconia canrier are preferred. 

The heat-resistant oxide carrier may contain impurities or additives as long as they do not Impair the 
object of the present invention. 
30 These carriers may be used singly or in combination of two or more or as composites. 

Detailed description will further be made of the zirconia canler and the stabilized zirconia carrier. 

As the zirconia carrier, zirconium oxide (Zr02) may appropriately be used and the carrier containing 
zirconium oxide as a major component may also be used. Further, there may be used, as the zirconia 
carrier, a substance that can be converted into zirconium oxide or one containing zirconium oxide as a 
35 major component during preparation for the catalyst or during reaction for refomnlng with steam. Zirconium 
oxide may be commercially available or prepared so as to meet demands. 

The substance capable of being converted into zirconium oxide during preparation for the catalyst or 
during reaction for refonning with steam may include, for example, zirconium hydroxide, a zirconium halide 
such as zirconium chloride, a zirconium oxyhalide such as zirconium oxychloride, zirconium nitrate, zirconyl 
40 nitrate, a zirconium salt of an organic acid such as arconium acetate and zirconium oxalate, a zirconyl of an 
organic acid such as zirconyl acetate, a zirconium alkoxfde, an organic zirconium compound, etc. 

The above compounds wiiich are less soluble may be solubilized by adding an acid or the like. 

The method for conversion of the zirconium compound into zirconium oxide Is not restricted to a 
particular one, and conversion may be perfonned by heat decomposition method, precipitation method. 
45 hydrotiiermal crystallization method, etc. , u • 

Zirconyl nitrate may be converted Into rirconium oxide by co-precipitating zirconyl nitrate with ammonia 
water and thermally decomposing the substance co-preclpitated. The zirconium alkoxlde may be converted 
into zirconium oxide by hydrolysis. 

The zirconium oxide to be used as the canier may be anhydrous or in such a fomn as containing water 

50 of crystallization. 

The foregoing zirconium compounds may be used singly or In combination with two or more. 
The stabilized zirconia earner is provided with pecuflar properties such as improved heat resistance and 
mechanical strength as stabilized zirconia. resulting form addition of a stabilizing agent, as well as witti the 
excellent properties as a carrier that reactivity of zirconia itself with water Is made particularty high, the 
ability of reforming the hydrocarbon with steam is improved, and precipitation of cart)on onto the catalyst 
can be prevented. For example, the stabilized zirconia carrier does not cause a decrease in its surface area 
at temperatures as high as 500 ' C or higher, thereby penmitting use In a stable fashion. 

The stabilized zirconia carrier may be prepared by adding the stabilizing agent to thereby modify its 
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^r^I!S^"^''°"^"* T * f^"'"'^ component of the stabilized zirconia carrier the 

aro^ma carr.er may ba used as It is. In other words, the zirconia component may be obtained from a varied 
of the zirconium compounds such as zirconium oxide or the like. ^ 

JUL ^''i"!!!^- ^S^"^,'"^^ ^ o''"^® component known to the art which may be used, for 

r^Ei; f K-.r*""' """"^ component, a magnesium oxide component, a cerium oxide component or a 
^'rSSS^J component Of the stabilized zirconia. Of these oxide components, the y^ium oxWe 

component the magnesium ox.de component and the cerium oxide component are preferab^^u^ The 
yttrium oxide component, the magnesium oxide component, and the cerium oxide comwnentmav h! 
represented empirically by Y2O3. MgO. and CeOa. respectively component may be 

i„H.2f w r T^T^ be used as a raw material for preparation of the yttrium oxide component may 

^SH^^M- y^""" °' ^ °' ^^'"9 ^°"^«rted into yttrium o^de S 

oxide component) dunng preparation for the catalyst or during reaction for reforming with steam. 

The substance to be converted into the yttrium oxide component may include, for example vttrium 
hydroxide, a yttrium halide. a yttrium oxyhalide, an inorganic acid salt of yttrium such^ S nit^e^ 
yttnum carbonate, an organic acid salt, of yttrium such as yttrium acetate or yttrium ^x^aJe an 
^uftriS'.l ? trimethoxide. yttrium triethoxide. yttrium tripropoxide.'^ium wSproi^^ 

yttnum tnbutoxide. and so on. The yttrium alkoxide is particularly preferred "propoxiae or 

The source of magnesium to be used as a raw material for preparation of the maonesium oxide 
|»mponent may include, for example, magnesium hydroxide or a subsLce capabTe orbeirconverted 

The substance to be converted Into the magnesium oxide component may Include for examole 
nZri"" ' r^"^'"^ ^ '""^Sanlc acid salt of magnesium such as r^^^^^^ 

n^frate or magnesium carbonate, an organic acid salt of magnesium such as magnesium ^cST 
magnesium oxalate, a magnesium alkoxide such as magnesium methoxide. magnesium eSde ,Zn^ 

p^cSTpierer"'"'" '^'^'^ " "^""'"^ ^ - - ^ -gnL";ra^Ze": 

The source of cerium to be used as a raw material for preparation of the cerium oxide comoonent mav 
include, for example, cerium oxide or a substance capable of being convert^ ro^drSriToSS 
component) during preparation for the catalyst or during reaction for r^fom,lng with ^ * 

The substance for conversion Into the cerium oxide component may Include, for examole cerium 
^T^Tr ^ '''.r ^" '"°^9anlc acid salt of cerium such L ceZ nlt^ S 

cerium carbonate, an organic add salt of cerium such as cerium acetate or cerium oxalate a3um 

"e '^^sron"^;" '.r^"- ««^-'^«. Propoxide. cerium fe^^^S'or 

Dutoxide. and so on. The cerium alkoxide Is particularly preferred 

com2l«rrtwo~o3^' ^""^ ^ - 

so.uSory'idron'o^rrhr ^^^^ -^^^-^^ ^^'^^ --^'^ ^« ^ 

mav'"baT«?Xr'r *«f 'T"^""' *^ ^ ~ heat-resistant oxide carrier or the like 

may be used selecbvley from caniere having characteristics of foltowing (1H3) about pores. 

[Characterisltic of pores] 

(1 ) Volume of pores in pore sizes of 500 A or smaller Is; 

mCr gram."" ^ ^ •«9er. preferably 0.17 ml per gram or larger, and mo.« preferably 0.17^.22 

(2) Volume of pores In pore sizes of more than SOOA Is- 

(3) Average pore size of pores Is; 

usually 90 A or lager, preferably 90-350A, and more preferably 90-200A 

^ ^ "^"^ *® °^ *® to be used for the present invention are 

measured when the distribution of the fine pores are observed In the range from 30 to?5 x iTgSJo^ 
by means of the mercury intrusion method. Hence, the pore sizes, ranges and volumes ^ L por^^ 
defined on the basis of the distribution of the pores In the range from 30 to l^x C^mTXn 
measured by the mercury Intnjslon method. «v w *3 x lu Angstroms when 
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Thus when thrs specification refers to the pore sizes being 500 Angstronis or smaller or larger, they are 
meant to' refer to pores having pore sizes In the range from 30 to 3.5 x 10' Angstroms measured by the 
mercury intrusion method. Therefore. If the volume of the pores having the pore sizes of 500 Angstroms or 
smaller, the pore volume referred to, for example, as 0.15 ml per gram or 0.17 ml per gram, does not refer 
to pores having pore sizes outside the lower range of 30 Angstroms, i.e.. pore sizes having smaller than 30 
Angstroms. Ukewise. vi/hen the volume of the pores having the pore sizes of more than 500 Angstroms, the 
pore volume defined herein does not refer to pores having the pore sizes exceeding 3.5 x 10^ Angstroms. 

In other words, the carrier to be used for the catalyst according to the present invention is not restncted 
to any pore sizes or any volume of pores with Ihe pore sizes outside tlie range from 30 to 3.5 x 10 
Angstroms when measured by the mercury intrusion method. 

It is to be noted that the conditions of the fine pores of the canier are of significance for realizing a high 
activity and long catalytic life of the catalyst according to the present invention because the conditions of 
the fine pores govern a dispersing velocity of a reactive substance and so on. In summary, no high catalytic 
acOvlty can be achieved unless the carrier used have 0.15 ml per gram or greater of the volume of the fine 
pores having pore sizes of 500 Angstroms or smaller and an average pore size of 90 Angstroms or greater. 
Further no high catalytic activity can be maintained in a stable fashion and the catalytic life can be 
shortened unless the volume of the fine pores having pore sizes of more than. 500 Angstroms would reach 
0.14 ml per grams or smaller. _. ^ ^. . 

The carrier having the fine pore characteristics as described hereinabove to be used for the present 
invention may be prepared as follows. 

For instance, as referred to in Japanese Patent Unexamined Publication (Max) No. 120.508/1981. the 
precipitation method involves growing precipitated particles by elevating or lowering pH values dunng 
formation of precipitation and eventually changing pore sizes of the carrier. As the pulverization method, 
there may be enumerated a process for controlling particle sizes by sintering powdery particles and 
eventually changing the particle sizes of the carrier. 

It is to be noted herein that, even if the volume and the average pore size of the fine pores of tne 
carrier would be outside the ranges defined hereinabove, the objects of the present invention can be 
achieved if a particular catalyst would be such that the carrier is selected from zirconia and stabilized 
zirconia and a main catalyst component is selected from at least one of rhodium and ruthenium while a 
promoter component is selected from at least one of cobalt and manganese and. if needed, frorn at toast 
one of barium and potassium; It is preferred, however, that the particular catalyst should be obtained froni 
the carrier having the volume of the fine pores and the average pore size within the ranges as defined 

'^^^^Theshape of the carrier is not restricted to a particular one and may include, for example, finely divided 
iom, granules, beads, pellets, plates, films, monolithic fomi and so on. 



Components To Be DeposltBd 



1. Main Catalyst Component 



The catalyst according to the present Invention for reforming the hydrocarbon with steam is imposed 
of a platinum group metal deposited on the carrier having the particular pore characteristics as descnbed 
hereinabove. As the carrier, there may be used the heat-resistant oxide carrier, preferably the zirconia type 
carrier, more preferably the zirconia carrier and the stabifized zirconia carrier. 

The platinum group metal may include, for example, ruthenium, rhodium, palladium, osmium, iridium 
and platinum. Ruthenium and rtiodium are preferred, and ruthenium Is more preferred. These metals may 
be used singly or in combination of two or more. 

The source of nithenium may be. for example, a ruthenium halide such as ruthenium iodide and 
nrthenlum chloride, a ruthenic halide such as ruthenlc chloride, a ruthenic chloride salt such as ammonium 
nithenic chloride, sodium nithenic chloride and potassium ruthenic chloride, ruthenium hydroxide, a 
ruthenium oxide such as ruthenium dioxide or ruthenium tetroxide. a ruthenic acid salt such as potassium 
mthenate and sodium njthenate. an organic ruthenium compound such as ruthenium cartsonyl, a metallic 
ruthenium such as ruthenium colloid, and so on. Of these ruthenium sources, ruthenium chlonde is 
preferred. The ruthenium source may be used singly or In combination of two or more. 

The source of rhodium for depositing rhodium metal on the carrier may include, for example, a moaiurn 
halide such as rhodium chloride, a rtiodlc add halide such as rhodic chloride, a rhodic acid halide salt such 
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Sd^Z Zrtil^rvx K H ^"^ chloride, rhodium (III) 

J^^ll «tJT "i'^te- *«lium oxide, an organic rhodium such as rhodium 

h f , y'""" ^"""^ ^ ^ «° The rhodium sources may be used singly 

or in combination of two or more. 

The amount of the platinum group metal to be deposited on the carrier may vary with the Idnd or 
composition of Jo metal components to be deposited or the kind of the carrier or oLr ^^iSiLTso ^t I 
cannot equally be detemiined as a whole. The amount of the platinum group metal mayrare otneSll 

2 '''' T'' '"^'"^ *° "^'^ When'nitLium i rSum S 

deposrted as a preferred example of the platinum group metal, the amount of ruthenium or rhodilTa 

0.01 to 5% by weight, preferably from 0.1 to 3% by weight When the zirconia owler or the stablDzed 
to 3.0% by weight, preferably from 0.1 to 2.0% by weight w<» u»u«iiy rrom u.uo 

JlUVr?""* P'**'"""' "^'"^ on the one hand, it may not function 

as a catalyst to a sufficient extent. If the.amount of the platinum group metal is above the upper !m it on S! 

Snu^VSpttaf'' "^'^ " ^ ^ « largfalSSS: 

20 2. Promoter Component 

Tfie catalyst for refomning the hydrocarbon with steam according to the present invention may contain a 
promoter component, in addition to the main catalyst component selected from the^arum grouTmeL 
The promoter component can function as further improving an activity of the cataJSTSno te 
hydrocarbon with steam and prolonging the life of the catalyst therefor. reiorming the 

The promoter component comprises an element capable of providina the catalvst with » nrn«„»K„« 
iur^on. Which may include, for example, cob^t Bn<,JZ.^eJXg!t ^I't:^^ 

car^f!^jJ^^ K "f^^"^ hydrocarbon according to the present invention may preferably be 

constructed such that the Platinum group metal (rhodium and/or ruthenium being particularhr P^S fe 
deposted on the carrier, preferably on the zirconia type carrier, more particularly on the SrS^e o^ 
fte ^ilized Zirconia carrier, and further that cobalt and/or manganese are/is deposited thereoT« the 
etement or elements for providing the catalyst with the promoting function. Cobalt aSd manganS^ m^y to 
used singly or in combinaUon with each other. «"«»y ob 

as aTulfar^^«t« '^^T ""^^^^ ""^^ '"'^'"d*- ^ example, a halide. an Inorganic acid salt such 
as a sulfate, nitrate, carbonate or the like, an organic acid salt such as an acetate, a hydroxide an oxide a 
basic salt, an alkoxide, an organic compoiind of these metels. nyoroxiae. an oxide, a 

.K, ®P*<f ®'«:^P'<» <^ *e cobalt source may be. for example, cobalt chloride (hexahydrate) cobalt 
chlonde (anhydride), cobalt nitrate. cobaH sulfate, cobalt acetate, cobalt fom,ate. cobTSaT^ 
hydrox.de. cobalt oxide, cobalt carbonate (basic cobalt carbonate), cobalt (II) acetySetonS^I)^? mJ 
acetylacetorjate. cobalt carbonyl. and so on. Of these cobalt sources, cobalt r^ate tpSeS ^ ^ 

It IS to be understood that specific examples of the manganese source may be selected from fho». 
Lri?v'J:eT^°" "^'^^ the'above-stated Sf::c,L IS^S 1>f Z cS 

Z H T«, '"'T' • "^^'"""^ ^"^^ ^ '8 "manganese niSte 

de J^r*117«rr°*''.~'"^"* "^^ ^ ^ °' composition of the component to be 

to^^rTlH^n P » ""^"""^ ^ '* ""^y '^^^^ ^'th these matters taken 

csrr^ TT . 1 1 ^""^ °' carrier is used as the 

earner, the amount of the promoter component selected from the sources of cobalt and manganese mav 

ni.n^JTr.!T^f,^ hydrocarbon with steam in which rhodium is deposited as the 

•TJl ^ manganese sources may range usually from 1.0 to 5.0% by weight with respect to the 

65 the promoter component selected from the cobalt sources and/or the manganese sources may loo 
usually from 0.1 to 2.5% by weight with respect to the weight of the carrier ® 
It IS to be noted herein that the amount of the component deposited is represented by % by weiaht 
when calculated as cobalt and manganese which are translated into the respecbVe ^^nt an^ £t. wlf^I 
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both are deposited, the amount means a total of the two elements. 

It can be noted that, in Instances where the amount of cobalt and/or manganese is within the above 
range, the catalyst can maintain its high catalytic activity and reduce Its speed of deterioration to a 
sufficiently low extent. 

It can further be noted that, the catalyst for reforming the hydrocarbon with steam according to the 
present invention can demonstrate further Improved properties as to its high catalytic activity and stability 
when potassium and/or barium are/is deposited In addition to cobalt and/or manganese. 

In a further prefen-ed aspect of the present invention, the catalyst for reforming the hydrocarbon with 
steam may comprise the platinum group metal, particularly preferably ruthenium, as well as cobalt and/or 
manganese and potassium and/or barium, deposited on the canrler, preferably the zirconia type carrier, 
more preferably the zirconia canrler or the stabilized zirconia carrier. 

- The sources of potassium and barium may Include, for example, a halide, an inorganic acid salt 
(neutral, acid or basic) such as sulfate, nitrate, carbonate or the like, an organic acid salt such as acetate, 
hydroxide, oxide, alkoxide, an organic compound of these metals. 

Specific examples of the potasslurh source may include, for example, potassium chloride, potassium 
nitrate, potassium sulfate, potassium carbonate, -potassium acetate, potassium hydroxide, potassium alkox- 
ide, and so on. Potassium nitrate is preferred. 

Specific examples of the barium source may include, for example, barium chloride, barium nitrate, 
barium sulfate, barium carbonate, barium hydroxide, and so on. Barium nitrate is preferred. 

The preferred amount of potassium and/or barium may vary with the kind or composition of the 
component to be deposited or the kind of the canier or other conditions so that It may be selected with 
these matters taken into consideration. 

For Instance, when the zirconia carrier or the stabilized zirconia canier is used as the carrier, the 
amount of the additive component selected from the sources of potassium and/or barium may appropriately 
range usually from 0.01 to 2.5% by weight, preferably from 0.01 to 1.0% by weight with respect to the 
weight of the carrier. 

It is to be noted herein that the amount of the component deposited is represented by % by weight 
when calculated as potassium and barium which are translated into the respective element and that when 
both are deposited, the amount means a total of the two elements. 

When the amount of potassium and/or barium added Is within the scope as specified hereinabove, the 
effect of addition of cobalt and/or manganese can further be improved. 



Preparation for Catalyst 

The reforming catalyst according to the present Invention may be prepared by various methods, such 
as impregnation, ion exchange, wet adsorption, dry adsorption, CVD. solvent evaporation, dry mixing, wet 
mixing, spray coating or the like or a combination thereof. The depositing may be Implemented, for 
example, by leaving at rest, stirring, solution flowing, solution refluxing. or the like. 

The resulting catalyst may be used after appropriate calcining treatment, such as oxidation, reduction, 
modification or the like, or pre-treatment (such as acth^ation). 

Reaction for Reforming Hydrocarbon with Steam 

The reforming catalyst according to the present Invention senses as promoting the reaction for 
reforming the hydrocarbon with steam. 

The hydrocarbon to be reformed is not restricted to a particular one and may be, for example, a linear 
or branched saturated, aliphatic hydrocarbon, usually having from 1 to 10 caribon atoms. Including methane, 
ethane, propane, butane, pentane, hexane, heptane, octane, nonane, decane and so on, and an aiicyclic 
saturated hydrocarbon including cyclohexane, methylcyclohexane, cyctooctane and so on. The hydrocartwn 
may be used singly or in combination of two or more or as various petroleum fractions. 

The hydrocarbon is considered to be reacted with steam as follows. 
C„Hm + nH20 -* nCO + (n + m/2) H2 (I) 
C„H„, + 2nH20 - nC02 + (2n + m/2) H2 (II) 
(where 

n is a real number of 1 or larger; and 
m is a real number of 2 or larger). 



EP 0 406 896 A1 



In addition to the reactions (I) and (II). it Is considered that the hydrocarbon is decomposed into 
hydrogen and methane as represented by the fomtula (110 and further that reactions for equilibrium may 
occur as represented by formulas (IV) and (V). ^ 
C„H„ + I1/2-(m-4nV4]H20 - [2n-(2+m)/4]CH« + [1/2-(mw»ny41CO + Ha (III) 
CH« + HzO 5t CO + 3H8 (IV) * / J na m 

CO + HaO » COj + Ha (V) 

^inZI'^'**'?^'**!^*"/^" °' ^ hydrocarbon and steam may stoichiometrically be deter- 

ZIV H T ^2 ^ ""'"9 the catalyst according to the present Invention, 

tiie amounts of the hydrocarbon and steam may be determined at a steam/carbon ratio ranging usually from 
, preferably from 2/1 to 8/1 . A hydrogen-rich gas can be produced in a highly efficient and stabte 

fashion in the steam/carbon ratio as specified hereinabove. 

The reaction temperature may range usually from 500 'C to 900* C. preferably from 650 * C to 850 
C. The reaction pressure may range usually from 0 to 50 kg/cm«Q. preferably from 0 to 20 kg/cmZG 

The reaction may be canied out in a continuous manner or in a batchwlse manner. The continuous 
reaction is prefen-ed. The type of the reaction is not restricted to a particular one. and the reaction may be 
^■ed out by means of a fixed bed or a fluidized bed. The type of the reactor is not restricted tol 
particular one and it may be a tubular reactor or the like. 

With the an^gement as described hereinabove, the present invention allows the hydrocarbon to be 
rearted with steam ,n the presence of the catalyst according to the present invention, thereby yielding a 
mixed gas including hydrogen, carbon monoxide, methane and carbon dioxide. The mixed gas may be 
used for vanous uses as it is or it may be separated into the respective components for various uses. 

The present invention will be described more in detail by way of examples with reference to 
comparative examples, m corvuncfion with the accompanying drawings. 

Examples 1-9 and Comparative Examples 1-5 

a. Preparation for Canrfer and Catalyst 

Catalyst s 

1,= ^'^solirtion of 80.6 grams of zirconyl chloride (zirconium oxychloride) in 1.5 liter of distilled water was 
heated to 60 C (hereinafter referred to as solution 1). Separately. 583 ml of a solution (hereinafter referred 
Tn 1° TJ^f ^'""^ ^ appropriate amount of dIstiUed water to 58.3 ml of ammonia 

Zfl I K ^ ^'^^ ^ 2. and the mixture was adjusted to 

pH5.4, thereby precipitating zirconium hydroxide. j 

To this mixture was added 140 ml of the solution 1. and the mixture was adjusted to pH31 By 
alternately adding 30ml of the solution 2 and 140 ml of the solution 1. the pH value was changed thrS 

and the mixture was aged for 90 minutes. 

The resulting precipitate was filtered off and washed with 20 liter of disUlled water. After washing the 
resulting product in a cake fomi was dried at 120 for 5 hours and calcined at 500 * C for 1 hour 

The resulting zirconia (25 grams) was impregnated with an aqueous solution of RuCb'SHab containing 
0.125 gram of Ru. tiiereby depositing ruthenium on the zirconia which in turn was dried at 120 for 6 hours 

bH weS^ rlenium ^ ^^^^ "^^^ ^" " ^ ^ *^ "^^^ ^ 

Catalyst A 

♦ho oT^rf 1"'' ? preraration for Catalyst B was followed except for mere addition of the solution 2 to 
the solution 1 , thereby yielding catalyst A. » «■ * « 

Catalyst C 
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The procedure of preparation for catalyst B was followed except for repetitions of clianging the pH 
value six times, thereby yielding catalyst C. 



5 Catalyst D 

The procedure of preparation for Catalyst B was followed except for using zirconia as a carrier, which 
was prepared by previously calcining zirconia (Zirconia "RC-100; Dailchi KIgenso Kogyo k.K.) at 500* C for 
1 hour, thereby yielding catalyst D. 

10 

Catalyst E 

A solution (1 liter) (hereinafter referred to as solution 3) was prepared by dissolving 142.9 grams of 
75 zirconyl 1 nitrate (zirconium oxynitrate). and another solution (solution 4) was prepared by dissolving 27 
grams of ammonium carbonate and 25 grams of ammonia water (28%) in 500 ml of distilled water was 
prepared. The solution 3 and the solution 4 were simultaneously added to 200 ml to distilled water at a 
given dropping velocity so as to maintain Its pH value to pH4. and the mixture was stirred for 30 minutes, 
theroby forming a precipitated material which was filtered off and washed with 2 liter of distilled water. 
20 thereby yielding a product in a cake form. The product In the cake form was then treated In substantially 
the same manner as the procedure for preparing the catalyst B above, except for using this product In 
place of the product in the cake form used above, thereby yielding catalyst E. 



25 Catalyst F 

The procedure of preparation for Catalyst E was followed except for adjustment of the pH value to pH6 
at the time when the solution 3 was mixed with the solution 4, thereby yielding catalyst F. 

30 

Catalyst Q 

The procedure of preparation for catalyst D was followed except for using zirconia ("RC-50: Dailchi 
KIgenso Kogyo K.K.). in place of zirconia ("RC-100"), thereby yielding catalyst G. 

Catalyst H 

The procedure of preparation for Catalyst D was followed except for using zirconia ("EP Grade; DalichI 
40 KIgenso Kogyo K.K.). in place of zirconia ("RC-100"). thereby yielding catalyst H. 

Catalyst I 

4$ The procedure of preparation for Catalyst D was followed except for using stabilized zirconia ("NY-BY"; 
Nippon Shokubai Kagaku Kogyo K.K.). thereby yielding catalyst I. 



Catalyst J 

50 

The procedure of preparation for catalyst b was followed except for using pellets prepared by drying at 
120 ' C and peltetlzlng. which were then catolned at 500* G for 1 hour, thereby yielding catalyst I. 



55 Catalyst K 



The procedure of preparation for Catalyst D was followed except for using an aqueous solution of 
ruthenium chloride (0.5% by weight of nrthenium based on zirconia) and cobalt nitrate (1.0% by weight of 
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cobalt based on zirconia) at the time of impregnation, thereby yielding catalyst K. 
Catalyst L 

The procedure of preparation for catalyst D was followed except for using an aqueous solution of 
ruthenium chlonde (0 5% by weight of ruthenium based on zirconia) and manganese nitrate (1.0% by 
weight of manganese based on zirconia) at the time of Impregnation, thereby yielding catalyst L 

Catalyst M 

The procedure of preparation for Catalyst D was followed except for using an aqueous solution of 
mU^enium chlonde (0.5% by weight of ruthenium based on zirconia). cobalt nitrate (1.0% by weight of 
cobalt based on zirconia) a^^ barium nitrate (2.0% by weight of barium based on zirconia) at the time of 
impregnation, thereby yielding catalyst M. 

Catalyst N 

The procedure of preparation for Catalyst D was followed except for using an aqueous solution of 
ruthenium chloride (0.5% by weight of ruthenium based on zirconia). manganese nitrate (1 .0% by wSt o 

tT™^nnmLo^^^ ""^fT'^^^M^ "'"^^'^ ^^'^^'^ ^^^9ht of barium based on zirconia) at the 

time of impregnation, thereby yielding catalyst N. 

b. Measurement for Pore Characteristics of Catalyst 

For the catalysts as prepared hereinabove, the distribution of fine pores of the carrier was measured by 
means of the mercury Intrusion method in the scope of the fine pore sizes ranging from 30 to 3.5 x 1{P 
Angstroms The measurement was canled out by using a device (Micromeriticus Autopore 9220; K.K. 
Shimadzu Seisakusho) In measuring pressures In the range of 1 4 to 60.000 psi 

T J'T^^^ distribution, the pore characteristics of the carriers were given, and the result Is shown In 
laoie 1 below. 

As described hereinabove, the volume of pores described in these results does not refer to pores 
having pore sizes smaller than 30 Angstroms and larger than 3.5 x 10= Angstroms. 

c. Bcample of Reaction for Reforming Hydrocarix>n with Steam 

Eadi of the catalysts prepared under Kern a above was formed into granules having 16 to 32 mesh and 
a quarb reactor having an inner diameter of 18 mm wag filled with 6 ml of the catalyst The reactor was 
???nn r ^f*!I^ T "^^^ *° ^' ^ '"'"'^ P^'"9 •^y*"^" 8« = ^pace velocity (SV) 
Lnf t Tl k""^ ^ ^ ^ ««t^'y^ Thereafter, the 

temperature of the heater was elevated to 800 C and naphtha was allowed to pass through the catalyst 
layer, thereby reforming It wHh steam at the steam/cartwn ratio of 4/1. in the space velocity (SV) of 12.000 
hour under atmospheric pressure, thereby refom^ing the hydrocarbon with steam. The naphtha used had 
an average composition as C„H,a and a sulfur sulfur content of 0.1 ppm or smaller 

After reaction for 8 hour, the reaction conditions were changed to the steam/carbon = 2/1 and the 

^K*!! ^'^ *® another 2 hours. Thereafter, a supply 

of naphtha and steam was stopped, and nitrogen has passed for 1 hour to retain the state in the reactor 

^c^I?*"^!'**'^.!^"^ "^'^ ^ "^P^ several times, and indications with 

respect to the catalytic activity and deactivation rate were obtained from the distribution of temperatures of 
endothermic portions In the reaction region and a variation thereof. 

Table 1 below indicates the relative activity and the relative deactivation rate of each of the catalysts 
when the catalyst D is used as a standard. ^oimy^ 
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Evaluation 



^ is shown in Table 1 above, the carriers used for the catalysts in Examples 1 to 9 were found to have 
SvertiOT °^ ^'"^ ^^'^ characteristics) as defined to be contained In the range of the present 

As is apparent from Table 1 above, the catalyst according to the present Invention using the carriers 
teving the distnbution of pores (pore characteristics) as defined so as to be encompassed within the scope 
of the present invention can retain a high catalytic activity and deactivation rate to an extremely low and 
slow extent. 



IS Example 10 

The carrier was prepared by calcining 200 grams of zirconium hydroxide at 500* C for 1 hour thereby 
yielding zirconia (ZrOa). The pore characteristics of this zticonia carrier were measured in the sam^ manner 
as in Example 1, and the results are shown in Table 2 below. 

A solution was prepared by dissolving 100 grams of the resulting zirconia carrier in water, and another 
solution was separately prepared by dissolving 1.3 grams of rtwdlum chloride (RhCls'SHzO) and 5.0 grams 
of manganese nitrate {Mn(N03)2-6H2p). The two solutions were mixed to malce 300 ml. and the mixture 
vras wet-kneaded while heating at 80 C until water was fully evaporated. Thereafter, the mixture was dried 
at 120 C oyer the period of 6 hours and then calcined at 500' C for 1 hour, thereby yielding a catalyst for 
reforming with steam. It was.found that the catalyst has rhodium and manganese deposited on the zirconia 
(ZrOz) canrier in the amount of 05% by weight and 1.0% by weight, respectively, on the basis of the 
Zirconia earner. 

TTie catalyst thus prepared was fomied into granules with 16 to 32 mesh and filled in a quartz reactor 
having an inner diameter of 18 mm. The catalyst filled in the reactor was then heated to eoo'C and 
subjected to reduction with hydrogen. Thereafter, the reaction was then carried out for 8 hours by passing 
naphtha and steam at the reaction temperature of 800* C In the steam/tarbon ratio (S/C} of 4/1 and the gas 
^ace velocity (QHSV) of 12.000 hour"', thereby making the catalytic activity stationary. The composition of 
the naphtha used was represented by CsjiHia and a sulfur content of 0.1 ppm or lower. 

Then, the reaction was continued at the constant temperature of 800* C while changing the 
36 steam/carbon ratio to 2/1 and the gas-space velocity (QHSV) to 9.000 hour"'. Thereafter, the supply of 
naphfta and steam was stopped and this state was retained for 1 hour after introduction of nitrogen 

This operation for reaction and retaining the state by introduction of nitrogen was repeated several 
times, thereby obtaining indications for the catalytic activity and deactivation rate from the distribution of 
temperatures in an endottiermic portions in Uie reaction region and a variation thereof. 
4o Table 2 below shows relative values on the basis of Comparative Example 6 as a standard 
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Examples 11. 14 & IS and Comparative Examples 6-11 

^ h^HL^^'^^I^J^ ^"^^ P^P*^*' "y catelning zirconium 

nydroxtde at 500 C fori hour. 

The pore characteristics of tiie resulting zirconia cantor were measured in the same manner as In 
Example 1 . and tiie results are shown in Table 2 bekw. 

The resulting zirconia earner was impregnated In a mixture of an aqueous solution of rtiodium chloride 
or rumenium chloride wltti an aqueous solution of manganese nitrate or cobalt nitrate, and the mixture was 
kneaded at 80 C until the water was evaporated followed by drying at 120' C for 8 hours 

Thereafter, flie dried material was calcined at 500* C for 1 hour, thereby resulting In tiie respective 
catalysts (Examples 11. 14 and 15). f " 

Iri Comparative Example 6. tiie catalyst was prepared by impregnating zirconia witti an aqueous 
solution of rhodium chloride. In Comparative Example 10, tiie catalyst was prepared by Impragnating 
zirconia with an aqueous solution of nrthenium chtoride. In Comparative Examples 7. 8. 9 and 11 tiie 
catalysts were prepared by impregnating zirconia in a solution of rhodium chloride or rutfienium chloride in 
a banum salt, a potassium salt and a nickel salt, respectively. 
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»n Examples and Comparative Examples, the amounts of rhodium or ruthenium deposited are each 
0.5% by weight on the basis of the weight of zirconia. The amounts of manganese, cobalt and nickel are 
each 1.0% by weight based on the weight of zirconia, while the amounts of barium and potassium are 2.0% 
by weight and 0.5% by weight, respectiyeiy. on the basis of the weight of the carrier. 

The catalysts thus prepared were evaluated in the same manner as in Example 10. The results as 
shown in Tables 2 and 3 are represented as relative values on the basis of Comparative Examples 1 and 5 
as standards, respectively. 



10 Examples 12-13 and 16-17 

The catalysis were prepared In substantially the same manner as in Example 10, except for impregna- 
tion of zirconia carrier or commercially available yttrium-stabilized zirconia (YS2) In a mixture of an aqueous 
solution of rhodium chloride or ruthenium chloride, an aqueous solution of manganese nitrate or cobalt 
75 nitrate and an aqueous solution of barium nitrate or potassium nitrate. 

The resulting catalysts were evaluated in the same manner as in Example 10. 

The amounts of cobalt and manganese were each 1.5% by weight, the amount of barium was 1.0% by 
weight and the amount of potassium was 0.25% by weight, based on the weight of zirconia. 
The results are shown in Tables 2 and 3 below. 

20 . * 

Example 18 

The procedure of Example 11 was repeated in the same manner, except for changing the amount of 
26 cobalt deposited on zirconia In the range from 0.25 to 5.0% by weight based on the weight of zirconia. 
The results are shown In FIG. 1 . 
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Example 19 

The procedure of Example 6 was repeated in the same manner, except for changing the amount of 
cobalt deposited on zirconia In the range from 0.25 to 2.5% by weight based on the weight of zirconia. 
The results are shown in FIG. 1. 
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Evaluation 

5 

roh^f S ^ ^ ^^^''y'*' "^"^ ^^P'«^ ^° 11 f^»^'"9 manganese and 

cobalt, in addition to ruthenium, respectively, deposited on the 2irconia carrier are superior in me catalytic 
acbvity to and lower in the deactivation rate than the catalyst used in Comparative Example 6 having only 
aithenium deposited on the zirconia carrier. ^ ^ 

10 It is further to be noted that the catalysts used in Example 12. in which cobalt and barium are 
deposited, together with ruthenium, on the zirconia canrier. and in Example 13. in which manganese and 
potassium are deposited, together with ruthenium, on the zirconia carrier, are particularly low in deactivation 
rat6« 

From Table 3. it is found that, as compared with the catalyst used in Comparative Example 10 where 
75 rujenium only is deposited on the zirconia carrier, a remarkably low deactivation rate has been achieved 

"^^TJJT^M-I" f '^^^ ^'^^ '^^^'y^' "'^ ^^P'«* 1^ ^ 15 having manganese 
and cobalt ,n addition to ruthenium, respectively, deposited on the zirconia carrier, the catalyst used in 
Bcampte 16. in vAMn cobalt and barium are deposited, together with ruthenium, on the zirconia carrier, and 
the catalyst used in Examt)te 18. in which manganese and potassium are deposited, together with 
sto ruthenium, on the zirconia carrier. Further, the catalyst used in Example 17 in which a partially stabilized 
zirconia earner is employed is particutarly high in the catalytic activity and remarkably low in the 
deactivation rate. 

Referring now to RG. 1. H is shown that the catalysts for refomiing the hydrocarbon with steam having 
2s ?0 to ?.o%?y 'SghT ^^''''^ ^ component is deposited in the amount ranging from 

FIG. 2 shows that the catalysts for refbmiing the hydrocarbon with steam having ruthenium deposited 
are^appropriate when the promoter component is depostted in the amount ranging from 1.0 to W% by 

,o r^mlJ!^ ,T"* 'r^"?" '''""'l! '^^'^'^^ hydrocarbon with steam having 

h^- «dfrtages. such as a high catalytic activity and a long catalytic life, by using the 

earner having particular fine pore structures as a catalyst carrier. Further, the catalysts according to the 
presort inventton have the particular main catalyst component and the particular promoter components 
deposited on the catalyst cannier so that they can block cartwn from precipitating to a remarkable extent 
thereby prolonging their catalytic life, and maintain their high catalytic activity even in a low steamfcarbon 

35 ratio and a high space velocity. 



Claims 



40 



1. A catalyst for refom^ing a hydrocarijon with steam, wherein a platinum group metal is deposited on a 
carrier having a volume of pores with pore sizes of 500 Angstroms or smaller being 0.15 ml per gram or 
greater, a volume of pores having pore sizes of more than 500 Angstroms being O.U ml per gram or 
smaller; and an average pore size being 90 Angstroms or greater. * 

2. A catalyst for refomiing a hydrocarbon wHh steam, wherein at least one metal of rhodium and ruthenium 
and a leas^ °^J^^ Of cobalt and manganese are depostted on a carrier comprising at least one of 
arconia and stabilized zirconia 

3. A catalyst as claimed In claim 1. wherein the can-ier is at least one of zirconia and stabiflzed zirconia 

4. A catalyst as claimed In claim 1. wherein the platinum group metal is at least one metal of rtiodium and 
ruthenium. 

5. A catalyst as claimed in claim 1 . wherein at least one metal of cobalt and manganese is deposited on the 
camer as a promoter componert. y 

6. A catalyst as claimed in claim 1. wherein at least one metal of cobalt and manganese and at least one 
metal of potassium and barium are deposited on the carrier as promoter components. 

ss 0 o'J.^'j? ZlSa^ '".J"'"" ^ P'"*'""'" 9™"P **«P««««d ranges from 

65 0.01 % to 5% by weight with respect to the weight of the carrier. 

8 A catalyst as claimed in claim 5 wherein an amount of cobalt and/or manganese deposited ranges from 
0.1% to 10% by weight with respect to the weight of the carrier. «i ranges irom 

9. A catalyst as claimed in daim 6. wherein an amount of cobalt and/or manganese deposited ranges from 
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0.1% to 10% by weight with respect to the weight of the carrier and an annount of potassium and/or bariunn 
deposited ranges from 0.01% to 2.5% by weight with respect to the weight of the carrier. 

10. In a catalyst for reforming a hydrocarbon with steam to be used for a reaction wherein the hydrocarbon 
is reformed with steam, a catalyst having a platinum group metal deposited on a carrier comprising at least 

6 one of zirconia and stabilized zirconia as well as having a volume of pores with pore sizes of 500 
Angstroms or smaller being 0.1 5 ml per gram or greater, a volume of pores having pore sizes of more than 
500 Angstroms being 0.14 ml per gram or smaller; and an average pore size being 90 Angstroms or 
greater. 

11. A catalyst as claimed in claim 10. wherein the platinum group metal is at least one metal of rhodium 
10 and ruthenium. 

12. A catalyst as claimed in claim 10, wherein at least one metal of cobalt and manganese is deposited on 
the carrier as a promoter component. 

13. A catalyst as claimed in claim 10, wherein at least one metal of cobalt and manganese and at least one 
metal of potassium and barium are deposited on the carrier as promoter components. 

75 14. A catalyst as claimed In claim 10." wherein an amount of the platinum group metal deposited ranges 
from 0.01% to 5% by weight with respect to the weight of the cannier. 

15. A catalyst as claimed in claim 10 wherein an amount of cobalt and/or manganese deposited ranges 
from 0.1 % to 10% by weight with respect to the weight of the carrier. 

16. A catalyst as claimed in claim 10, wherein an amount of potassium and/or barium deposited ranges 
20 from 0.01% to 2.5% by weight with respect to the weight of the carrier and an amount of cobalt and/or 

manganese deposited ranges from 0.1% to 10% by weight with respect to the wieght of the carrier. 

17. A catalyst as claimed in claim 10, wherein the catalyst is used in a steam/carbon ratio ranging from 2'1 
to 

18. A catalyst as claimed In claim 10, wherein the catalyst is used at a reaction temperature ranging from 
26 500 •cto900*C. 

19. A catalyst as claimed In claim 10, wherein the catalyst is used at a reaction pressure ranging from 0 to 
SOkg/cm^G. 

20. In a catalyst for reforming a hydrocarbon with steam to be used for a reaction wherein the hydrocarit)on 
is reformed with steam, a catalyst having a platinum group metal deposited on a carrier comprising at least 

30 one of zirconia and stabilized zirconia as well as consisting essentially of a volume of pores with pore sizes 
of more than 500 Angstroms or smaller being 0.15 ml per gram or greater, a volume of pores having pore 
sizes of more than 500 Angstroms being 0.14 ml per gram or smaller, and an average pore size being 90 
Angstroms or greater. 
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FIG. 1 




The amount of Co in a Catalyst (wt%) 



EP 0 406 896 A1 



F I G. 2 




BNSDCCID: <EP 0406a9eA1 I 



19 



European Patent 
Onice 



EUROPEAN SEARCH REPORT 



Applkstlon Number 



EP 90 11 2954 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



ajiSSIHCATION OF THE 
APPUCATION aBt.a5) 



A 
A 
A 
A 



US-A-436716S (YOSHIYASU FIWIT/NI ET AL. ) 
EP-A-10114 (BRITISH GAS CO.) 
OE-A-2736996 (CHEVRON RESEARCH CO.) 
EP-A-24199 (EXXON RESEARCH AND ENGINEERING CO.) 



C01&3/40 
B0U35/10 



TECHNICAL FIELDS 
SEARCHED Oat CL5) 



COIB 
BOIJ 



The present search report has been drawn op for all dafans 



nwBvfiRircli 

THE HAGUE 



2B SEPTEMBER 1990 



VAN BELLINGEN I. 



CATEGORY OF CITED DOCUMETfTS 

X : partlcQlariy rtltvaat if tahta aloae 

Y : panienlar^ relevaat If comUncd wHh anothcf 

docniacnt of tko saaio eategoiy 
A : f«chn«loglcal backfroaad 
O : aoa-writtca dbdosnre 
P : interacdisti docoment 



T : theory or principle and^rlyiag tka lavcntloa 
E : earlier palcnl iocnaient. kat poUished on, or 

after tho nUngdaie 
D : doeament died la the appticatloo 
L : docunent died for other reasons 

A ! aiemiMr of the same patent family, oorrespoadiaf 



